OBJECTIVE: To investigate whether blunted adrenomedullary responsiveness to stimuli is a primary feature of human obesity in childhood and adolescence DESIGN: Comparison of plasma catecholamine response to caffeine in obese and lean subjects before and after puberty onset. SUBJECTS: Twelve lean prepubertal subjects (six males and six females), 15 prepubertal obese subjects (seven males and eight females), 12 pubertal lean subjects (six males and six females) and 24 pubertal obese subjects (12 males and 12 females) MEASUREMENTS: Plasma levels of Luteinizing hormone (LH), follicle-stimulating hormone (FSH), 17b-estradiol and testosterone were used to validate Tanner score. Systolic and diastolic blood pressure, pulse rate and plasma catecholamines before and after caffeine administration (4 mgakg of ideal body weight). RESULTS: Caffeine administration signi®cantly stimulated adrenaline release in all subjects studied. The incremental area of adrenaline response to caffeine, analysed by multiple comparison test, was lower in pubertal obese subjects with respect to other groups. CONCLUSIONS: At variance with what is observed in adulthood obesity, prepubertal obese subjects show an intact adrenomedullary response to caffeine.
Introduction
The prevalence of obesity in industrialized countries has shown a continuous increase during the last few decades, both in adults 1 and in children 2 and there is evidence that, especially among older children, obesity status is an important predictor of subsequent development of overweight in adulthood. 3 The sympathoadrenal system is a major contributor to the regulation of energy expenditure, and it has been widely assumed that a reduction in its basal activity and reactivity to stimuli could play a major role in the pathogenesis as well as in the maintenance of obesity. Many studies have been carried out in the last 20 years to compare catecholamine secretion in obese and lean subjects, but the results obtained are equivocal. As far as sympathetic nervous system (SNS) function is concerned in fact, there is a considerable heterogeneity of ®ndings, as SNS activity in the obese has been found to be decreased, unchanged or even increased with respect to lean subjects, probably re¯ecting methodological problems. 4 On the other hand, the assessment of adrenomedullary function leads to more homogeneous results, allowing one to speculate that, even if not altered in basal conditions, the adrenal response to some stimuli is blunted in human obesity. 4 At present, however, it has not been fully established whether reduced sympathoadrenal activity should be considered as primary in the pathogenesis of human obesity. Investigation of the catecholamine response to physiological stimuli in obese children offers an opportunity to assess hormonal abnormalities early in the natural history of obesity that is free from the in¯uence of long-term consequences of obesity itself and, provided that children are observed at a prepubertal age, also avoids the in¯uence of sex steroids on catecholamine secretion. The literature regarding stimulation of sympathoadrenal system in humans provides evidence that acute caffeine administration is able to increase signi®cantly adrenaline plasma concentrations, 5 ± 7 while plasma noradrenaline is only slightly affected, indicating a predominant effect of caffeine at the adrenomedullary level rather than undifferentiated sympathetic stimulation. Thus, we decided to compare the cardiovascular and catecholamine response to caffeine in four groups of subjects with different body weight and pubertal stage.
Material and methods

Subjects
A total of 63 healthy subjects of both sexes were enrolled for the study; 12 subjects (six males and six females), were in the prepubertal stage (de®ned as having Tanner score of 1 or 2) and lean (Pre Le); 15 subjects, (seven males and eight females), were prepubertal and obese (Pre Ob, BMI above 27); 12 subjects, (six males and six females), were pubertal (Tanner score of 3 or more) and lean (PubLe); the remaining 24 subjects, (12 males and 12 females), were pubertal and obsese (Pub Ob). Each group had similar proportions of male and female subjects to avoid the possible in¯uence of sexual dimorphism in catecholamine response. 8 In order to avoid the effect of previous caffeine consumption on catecholamine response, 9, 10 we ensured that all subjects were not habitual caffeine consumers; children were requested to not consume cocoa, tea and cola beverages during the week before the study. Obese children and adolescents were studied in the dynamic phase of their increase in body weight and no dietary restriction nor counselling was administered after the enrolment; furthermore no pubertal obese subject had a history of previous weight loss. To rule out the possible in¯uence of progesterone, and of wide variations of estradiol plasma levels, pubertal lean and obese females were studied within one week after menstrual bleeding. Informed consent was obtained from parents of all the subjects admitted to the study protocol. Clinical and anthropometric characteristics of subjects are shown in Table 1 .
Experimental design
The investigations were performed in a temperature controlled environment (27C ), after an overnight fast. After positioning an intravenous cannula into an antecubital vein, a saline infusion was started at slow rate and blood samples were drawn for determination of plasma LH, FSH,17b-estradiol and testosterone. The subject's hand of the corresponding arm with the antecubital cannula was then positioned in a hand-warming unit, to obtain arterialized plasma samples and limit the problem of peripheral tissue catecholamine extraction. Subjects were kept at rest for 30 min in the supine position; then blood samples for determination of adrenaline (A) and noradrenaline (NA) were drawn at 7 15, 0, 15, 30, 45, 60 and 90 mins after the administration of a drink containing caffeine (4 mgakg of ideal body weight). Ideal body weight was derived from pediatric tables and was based on the child's height age. For example, for a girl whose height is the 50th centile for 8, ideal body weight was assumed to be the 50th centile weight for an 8-y old girl. 11 The caffeine drink consisted of a variable amount of caffeine citrate, diluted in a warm water volume of 100 ml, sweetened with fructose. The drink was consumed over a period of 1 min. Systolic (SBP) and diastolic (DBP) blood pressure and pulse rate (PR) were monitored throughout the study, using an automated cuff device (Lifestat 200, Physiocontrol, Richmond, USA); A larger cuff was used when brachial circumference was above 32 cm.
Assays
Plasma luteinizing hormone (LH), Follicle-stimulating hormone (FSH) and 17b-estradiol were determined using a time-resolved¯uoroimmunoassay (AutoDELFIA, EG & G WALLAC, Wallac Oy, Turku, Finland); Plasma testosterone was determined using a solid-phase I 125 radioimmunoassay (Coat a count, diagnostic Products Corporation, Los Angeles, USA).
Plasma catecholamines were determined using reversed-phase high-performance liquid chromatography with electrochemical detection as previously reported; 12 the intra-assay coef®cients of variation for A and NA were 4% and 3% and the inter-assay coef®cients of variations were 7% and 8% respectively. All data are expressed as mean AE s.e.m.
Statistics
Data were analysed using repeated measure analysis of variance in order to detect signi®cant variations during caffeine administration. The comparisons among groups were performed either on basal values or on incremental areas by Duncan multiple comparison test. 13 Data as mean AE s.e.m. *P`0.01 vs respective lean counterparts; **P`0.05 vs prepubertal lean subjects; ***P`0.01 vs prepubertal subjects; ****P`0.01 vs pubertal males of the same group.
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Results
Mean LH, FSH, testosterone and estradiol values for each group of children (Table 1) con®rmed the clinical evaluation at the enrolment, which relied upon the determination of Tanner score to divide prepubertal from pubertal subjects.
Catecholamines
Basal plasma adrenaline concentrations were similar in the four groups studied (Pre Le: 0.35AE 0.09, Pre Ob: 0.36 AE 0.04, Pub Le: 0.37AE 0.08, Pub Ob: 0.31AE 0.03 nmolal; F 0.6, P NS) (Figure 1) . Caffeine administration caused a signi®cant increase of plasma adrenaline in prepubertal lean (F 17.4, P0 .001), in prepubertal obsese (F 8.6, P`0.001), in pubertal lean (F 18.7, P`0.01) and in pubertal obese subjects (F 16.4, P`0.001).
The incremental area of adrenaline response to caffeine analysed by multiple comparison test was lower in pubertal obese group with respect to that achieved by other groups (F 5.1, P 0.004) (Figure 2 ).
Basal noradrenaline plasma levels were not different in four groups studied (Pre Ob: 1.62 AE 0.11, PreLe: 1.21AE 0.10, Pub Le: 1.41AE 0.17, and Pub Ob: 1.21AE 0.10 nmolal, F 1.3, P NS) (Figure 3 ). Noradrenaline values were not affected by caffeine administration in any group (Pre Le: F 0.4, Pre Ob: F 1.1, Pub Le: F 0.3, Pub Ob: F 0.9, P NS for all).
Effect of gender on catecholamine response
To investigate the possibility of a sex-related dimorphism in catecholamine response to caffeine we analysed males and females responses separately in each group. As far as adrenaline is concerned, in prepubertal lean, prepubertal obese and pubertal lean subjects gender did not affect either basal values (Pre Le: males: 0.37AE 0.06 vs females 0.36AE 0.04 nmolal, Pre Ob: males 0.36 AE vs females 0.35AE 0.08 nmolal, Pub Le: males 0.40AE 0.07 vs females 0.35 AE 0.08 nmolal P NS for all) or the response to caffeine, evaluated as incremental area (Pre Le: F 01, Pre Ob: F 0.1, Pub Le: F 0.3, P NS for all).
In pubertal obese group, gender affected basal adrenaline values, resulting in lower values in females than in males (respectively: 0.25AE .03 vs 0.35 AE 0.04, nmol, P`0.01); however, the adrenaline response to caffeine, evaluated as incremental area, was not different in pubertal obese males and females (F 0.8, P NS).
No effect of gender was detected upon basal noradrenaline values in any of the groups studied (Pre Le: males 1.17AE 0.15 vs females 1.24AE 0.14 nmolal, Pre Ob: males 1.66AE 0.13 vs females 1.59AE 0.16 nmolal, Pub Le: males 1.43AE 0.13 vs females 1.35AE 0.16 nmolal and Pub Ob: males 1.21AE 0.11 vs females 1.22AE 0.14 nmolal, P NS for all); There was Adrenaline response to caffeine in obese subjects M Bondi et al no effect of puberty on plasma noradrenaline concentration in obese or lean males and females.
Cardiovascular parameters
Basal values of systolic blood pressure were signi®-cantly higher in pubertal obese subjects (Pre Ob: 107AE 3, Pre Le: 110AE 4, Pub Le: 113AE 4 and Pub Ob: 128AE 2 mmHg, F 17.6, P`0.001); caffeine administration signi®cantly increased systolic blood pressure in prepubertal lean (F 4.5, P`0.05), in prepubertal obese (F 6.6, P`0.001) and pubertal obese subjects (F 5, P`0.025), but no effect of caffeine administration was found on systolic blood pressure in the pubertal lean group. Basal values of diastolic blood pressure were higher in the pubertal obese group (Pre Ob: 66AE 2, Pre Le: 64AE 3, Pub Le: 67AE 3 and Pub Ob: 75AE 2 mmHg, F 7.5, P`0.001). Caffeine administration did not in¯uence diastolic blood pressure in any of the groups studied. Basal pulse rate values did not differ between groups (Pre Ob: 72AE 3, Pre Le: 74AE 4, Pub Le: 72AE 4 and Pub Ob: 70AE 2 bpm, F 0.5, P NS) and caffeine administration did not change pulse rate signi®cantly in any group. No subject reported any sympton or side effect after caffeine ingestion.
Discussion
During the last decades, the literature dealing with catecholamine secretion in obese patients supports the hypothesis of a blunted adrenomedullary response to physiological stimuli, such as physical activity.
14,15 At present, however, it is not known whether reduced adrenaline secretion should be considered as a primary defect for obesity, or what its role in the pathogenesis of human obesity might be.
Our data shows that caffeine administration evoked a signi®cant increase of adrenaline secretion in all the subjects studied, without any variation in plasma noradrenaline. This is consistent with previous results obtained from caffeine studies, 7, 16 and indicates that caffeine is an effective and selective means to investigate adrenomedullary responsiveness in humans.
As a novel ®nding, we demonstrate that the adrenaline response to caffeine administration in prepubertal obese subjects is similar to that achieved in both prepubertal and pubertal lean subjects, while it appears signi®cantly reduced in pubertal obese subjects.
The lack of any effect of puberty on lean subjects seems to support the view of a relative derangement of adrenaline secretion in human obesity. The mechanisms underlying this phenomenon are, however, far from being fully understood.
It is well known that obesity is characterized by enhanced estrogen production due to the aromatase activity of adipose tissue, and there is evidence that estrogens modulate catecholamine secretion, as shown by the reduced plasma adrenaline response to mental stress in normal subjects treated with estradiol patches with respect to placebo. 17 Komesaroff et al have also demonstrated that estrogen treatment reduces adrenaline response to stress in perimenopausal women. 18 Furthermore, enhanced responsiveness of the hypothalamic ± pituitary ± adrenal axis to stimuli has been documented in human obesity, 19, 20 and it is known that adrenal steriods negatively affect catecholamine secretion in various circumstances. 21, 22 We suggest that a blunted adrenomedullary response to stimuli in obese subjects becomes apparent only after puberty onset, and that the abovedescribed peculiarities of adrenal and gonadal steroid pattern of pubertal obese subjects may partially account for this phenomenon. The tendency towards lower basal plasma adrenaline values in pubertal females than in pubertal males in this study, and other reports 23 ± 25 on the lower adrenaline response to different stimuli in women than in men, could also be considered in this respect.
As a possible objection to our conclusions, the blunted adrenaline response to caffeine showed by pubertal obese subjects could be explained by altered absorption of caffeine or different distribution volume; however, it has been reported that caffeine pharmacokinetics are similar in lean and obese individuals, namely that the differences in distribution volume are very small, as re¯ected by similar plasma caffeine concentration after an oral load of 200 mg. 26 The increase in systolic blood pressure, which occurred in all our subjects, ®ts well with previous reports of consistent cardiovascular changes after caffeine administration in adults. 7, 27 Evidence exists, however, that the ability of caffeine to elicit cardiovascular responses is greater with increasing age of subjects 28 and other investigators did not observe signi®cant variations of blood pressure and pulse rate after oral caffeine load in young subjects who had abstained from caffeine for 48h. 29 The partial response observed in our study may be accounted for by the variability of cardiovascular response to caffeine among individuals, together with the young age of our subjects.
Finally, the discrepancy between cardiovascular and catecholamine response in our subjects may not be of major importance. As far as the role of circulating adrenaline in cardiovascular response to caffeine is concerned, it has been demonstrated that blood pressure and pulse rate changes are not solely dependent on the concomitant increase of plasma adrenaline. 30 
Conclusion
At variance with what has been observed in several investigations dealing with adulthood obesity, our results show that prepubertal obese subjects possess an intact adrenomedullary response to caffeine, indicating that blunted adrenomedullary responses to stimuli should be considered as an acquired feature Adrenaline response to caffeine in obese subjects M Bondi et al in human obesity, potentially contributing (along with environmental factors such as diminished physical activity) to weight excess maintenance. Our data suggest also a role for puberty onset in the determination of this phenomenon, but the underlying mechanisms need further investigations.
